Abstract Purpose: Phase I: To determine the maximum tolerated doses, toxicities, and pharmacokinetics of imatinib mesylate (Gleevec) in patients with malignant gliomas taking enzyme-inducing antiepileptic drugs (EIAED) or not taking EIAED. Phase II: To determine the therapeutic efficacy of imatinib. Experimental Design: Phase I component used an interpatient dose escalation scheme. End points of the phase II component were 6-month progression-free survival and response. Results: Fifty patients enrolled in the phase I component (27 EIAED and 23 non-EIAED). The maximum tolerated dose for non-EIAED patients was 800 mg/d. Dose-limiting toxicities were neutropenia, rash, and elevated alanine aminotransferase. EIAED patients received up to 1,200 mg/d imatinib without developing dose-limiting toxicity. Plasma exposure of imatinib was reduced by f68% in EIAED patients compared with non-EIAED patients. Fifty-five non-EIAED patients (34 glioblastoma multiforme and 21 anaplastic glioma) enrolled in the phase II component. Patients initially received 800 mg/d imatinib; 15 anaplastic glioma patients received 600 mg/d after hemorrhages were observed. There were 2 partial response and 6 stable disease among glioblastoma multiforme patients and 0 partial response and 5 stable disease among anaplastic glioma patients. Six-month progression-free survival was 3% for glioblastoma multiforme and 10% for anaplastic glioma patients. Five phase II patients developed intratumoral hemorrhages. Conclusions: Single-agent imatinib has minimal activity in malignant gliomas. CYP3A4 inducers, such as EIAEDs, substantially decreased plasma exposure of imatinib and should be avoided in patients receiving imatinib for chronic myelogenous leukemia and gastrointestinal stromal tumors. The evaluation of the activity of combination regimens incorporating imatinib is under way in phase II trials.
Despite optimal treatment, the prognosis of patients with malignant gliomas remains poor. Patients with glioblastoma multiforme have a median survival of 9 to 14 months, whereas those with anaplastic astrocytomas have a median survival of 24 to 36 months (1). Once patients develop tumor progression, conventional chemotherapy is generally ineffective, with a median time to tumor progression of 9 to 13 weeks (2). There is a need for more effective therapies.
Tyrosine kinases play a fundamental role in signal transduction, and deregulated activity of these enzymes has been observed in an increasing number of cancers. There is growing evidence that specific inhibitors of these tyrosine kinases have potential therapeutic applications in oncology.
Overexpression and activation of platelet-derived growth factor (PDGF) receptors (PDGFR) may contribute to the transformed phenotype of malignant gliomas (3 -5) . Inappropriate coexpression of PDGF and PDGFR is common in gliomas (5 -8) . Production of PDGF in cells that express PDGFR potentially results in an autocrine or paracrine loop that may drive cell proliferation. The PDGFA and PDGFB ligands are expressed in most glioma cell lines and fresh surgical isolates. The PDGFRa subunit is overexpressed in virtually all glioma lines and primary cultures (5 -7), whereas the PDGFRh subunit is frequently expressed in glioma and endothelial cells (5) . PDGFRa is overexpressed in low-grade astrocytomas (5) , suggesting that it may be an early event in the ''progressive'' pathway to malignant gliomas. Because the PDGFRa is the ''universal'' PDGFR, sensitive to other isoforms of PDGF, activation of PDGFRa through an autocrine loop may be a pervasive feature of malignant gliomas. In contrast, only higher-grade tumors (anaplastic astrocytoma and glioblastoma multiforme) overexpress the PDGFA and PDGFB ligands (5, 7) . The presence of these ligands allows the PDGF autocrine/ paracrine loop to be closed in high-grade gliomas, potentially contributing to the pathogenesis of these tumors (9) . Dominant-negative mutants of PDGF block the proliferation of U87MG glioma cells in vitro and in vivo, supporting a role for PDGF in the proliferation of malignant gliomas (10) .
Imatinib mesylate (Gleevec; formerly known as STI571) is a potent inhibitor of the Bcr-Abl, PDGFRa, PDGFRh, c-Fms, and c-Kit tyrosine kinases (11, 12) . It has antitumor activity in chronic myelogenous leukemia by inhibiting Bcr-Abl (13) and in gastrointestinal stromal tumors by inhibiting c-Kit (14) . Its ability to inhibit PDGFR with an IC 50 of 0.1 Amol/L suggested that it might have therapeutic potential in malignant gliomas. Kilic et al. found that imatinib inhibited the growth of U343 and U87 glioblastoma cell lines in vitro and in vivo at concentrations achievable in man, providing support for its potential therapeutic value in patients with malignant gliomas (15) .
There is increasing evidence that PDGF may have a proangiogenic effect by promoting pericyte recruitment and vessel maturation in many tumors (16) . Inhibition of PDGFRh on endothelial cells and pericytes by imatinib potentially contributes to an antitumor effect by inhibiting angiogenesis.
The North American Brain Tumor Consortium (NABTC) conducted a phase I/II study of imatinib in patients with recurrent malignant gliomas. Brain tumor patients receiving antiepileptic drugs that induce certain cytochrome P450 isoenzymes, such as CYP3A4, have accelerated drug metabolism that markedly alter the pharmacokinetics of antineoplastic agents that are substrates for cytochrome P450s. This increased metabolism decreases exposure to those drugs when administered at conventional doses (17, 18) . Failure to achieve adequate plasma concentrations of those drugs may partially account for their lack of efficacy in previous brain tumor trials. Imatinib is primarily metabolized by CYP3A4/5 to the N-desmethyl derivative (CPG74588). It is likely that the patients taking enzyme-inducing antiepileptic drugs (EIAED) have increased hepatic metabolism and reduced exposure to imatinib when given at the same dose as patients not taking EIAED. In the phase I portion of the study, patients were stratified into those who received EIAED (group B) and those who did not (group A), with the goal of determining the maximum tolerated dose (MTD) for both groups of patients. A single phase II study was planned combining the response and toxicity data from all patients treated with the dose of imatinib that was appropriate for them based on their use of EIAEDs.
Patients and Methods

Patient eligibility
Adults (z18 years old) with histologically confirmed supratentorial malignant gliomas with unequivocal tumor recurrence by magnetic resonance imaging scans were eligible. For the phase I component, meningioma patients were eligible, as there is evidence that PDGFR is expressed on these tumors (19, 20) , and imatinib may have therapeutic potential. A baseline magnetic resonance imaging was done within 14 days of registration on a stable steroid dosage for z5 days. Patients must have failed prior radiotherapy and have an interval of z4 weeks from the completion of radiotherapy to study entry. Phase I patients may have had treatment for no more than three prior relapses; phase II patients may have had treatment for no more than two prior relapses. Additional eligibility criteria included Karnofsky performance score z60, life expectancy z8 weeks, adequate bone marrow function (absolute neutrophil count z1,500/mm 3 , platelet count z100,000/ mm 3 , hemoglobin z10/dL), adequate liver function (alanine aminotransferase and alkaline phosphatase V2 times the upper limit of normal; bilirubin <1.5 mg/dL), and adequate renal function (blood urea nitrogen or creatinine V1.5 times upper limit of normal). Due to potential teratogenicity of imatinib, all patients of childbearing potential were required to use adequate birth control. Pregnant women and patients with serious intercurrent medical illnesses and conditions that could alter drug metabolism were excluded. Due to potential interaction with imatinib, patients on warfarin were excluded.
The study was approved by the institutional review board of each participating institution and conducted in accordance with institutional and federal guidelines for human investigations. Patients were informed of the investigational nature of this study and signed institutional review board -approved informed consent forms before enrollment.
Stratification
Patients were stratified according to whether they were taking EIAED and by tumor type. Group A patients were not taking EIAED; group B patients were on EIAED (carbamazepine, oxcarbazepine, phenytoin, phenobarbital, or primidone). Patients in group B had to be taking an EIAED while they remained on protocol. Patients switched from a non-EIAED to an EIAED before enrollment had to be on the EIAED for a minimum of 2 weeks before registration. Patients were also stratified according to tumor type: (a) glioblastoma multiforme or gliosarcoma and (b) anaplastic glioma, which included anaplastic astrocytomas, anaplastic oligodendrogliomas, and anaplastic oligoastrocytomas.
Evaluation during study
Medical history and physical examination were done at baseline and at the start of each 4-week cycle. Magnetic resonance imaging was done at baseline and before every other cycle (every 8 weeks). Determination of tumor status was made using the Macdonald criteria (21) . Responses had to be present for two consecutive scans (8 weeks) and were centrally reviewed at the University of California-San Francisco. Central review of pathology was conducted by K.A.
Treatment plan
Imatinib was supplied by the Division of Cancer Treatment and Diagnosis, Cancer Therapy Evaluation Program, National Cancer Institute under a Cooperative Research and Development Agreement with Novartis Pharmaceuticals. Patients were administered imatinib orally once daily (V600 mg) or twice daily (z800 mg). version 2.0 (http://ctep.info.nih.gov/reporting/index.html). DLT was defined as any grade 3 thrombocytopenia, grade 4 anemia and neutropenia, grade z3 nonhematologic toxicity (except for grade 4 hypophosphatemia), or failure to recover from toxicities to be eligible for retreatment within 2 weeks of the last dose of imatinib. The MTD was based on the tolerability observed during the first 4 weeks of treatment. The MTD of imatinib in each arm was that dose at which fewer than one third of patients experienced a DLT (i.e., the dose at which 0 or 1 of 6 patients experience DLT, with the next higher dose having at least 2 of 3 or 2 of 6 patients encountering DLT).
Phase II study
The initial plan was to conduct a single phase II study combining the response and toxicity data from all patients treated with the dose of imatinib that was appropriate for them based on their use of EIAEDs. However, the MTD for non-EIAED patients was determined first. The phase II study opened to non-EIAED patients who initially received 800 mg/d (400 mg twice daily) of imatinib in 4-week cycles. After hemorrhages were observed predominantly in glioblastoma multiforme patients receiving 800 mg/d imatinib, the study was amended and 15 additional anaplastic glioma patients were treated with 600 mg/d imatinib. The study completed accrual before the MTD for EIAED patients could be determined. Therefore, no EIAED patients were enrolled into the phase II study.
Pharmacokinetic studies
Plasma was collected for pharmacokinetic analysis from patients enrolled in the phase I component. For patients taking imatinib once daily, blood samples were collected before and at 1 to 4, 8, and 12 hours after ingestion of the first dose of imatinib. Blood samples were also obtained before imatinib ingestion on days 2 and 8 of cycle 1 and day 1 of cycle 2 (day 29). For patients taking imatinib twice daily, blood samples were collected before and at 1 to 4 and 8 hours after the first dose of imatinib. The second dose of imatinib was administered 8 hours after the first. Additional blood samples were then obtained 9, 10, 24, and 32 hours after the first dose of imatinib. No imatinib was administered on day 2 for patients receiving twice daily dosing of the drug. Blood samples were also obtained before imatinib ingestion on days 3 and 8 of cycle 1 and day 1 of cycle 2 (day 29). At each time point, venous whole-blood samples (7 mL) were collected into heparinized tubes and centrifuged immediately at 1,200 Â g for 5 minutes. The plasma was removed, transferred to polypropylene screw-capped tubes, and frozen at À20jC until subsequent high-performance liquid chromatography analysis to determine total concentrations of imatinib and its metabolite CPG74588.
Measurement of imatinib levels. Plasma imatinib concentrations and metabolite CGP74588 were determined using a liquid chromatography/tandem mass spectrometry assay. Plasma samples were prepared using a protein precipitation procedure. Sample extracts were analyzed using reverse-phase chromatography with a Waters Symmetry column (Waters Corp., Milford, MA) followed by detection with a Sciex API 3000 mass spectrometer (PE Applied Biosystems, Foster City, CA). The lower limit of quantitation was 4 ng/mL, and the assay was fully validated (22) . The accuracy and precision from prestudy validation were 104 F 6% at the lower limit of quantitation and 98.9 F 5% to 108 F 5% over the entire concentration range of 4 to 10,000 ng/mL.
The concentration versus time curves of imatinib and metabolite CGP74588 in plasma were evaluated by noncompartmental analysis (WinNonlin Pro 3.1, Pharsight Corp., Mountain View, CA). Whenever feasible, the following pharmacokinetic variables were calculated from the plasma concentration versus time profiles of imatinib: T max (sampling time when maximum measured plasma concentration occurs), C max (maximum measured plasma concentration), Ez (terminal disposition rate constant calculated by linear regression analysis to the log-linear concentration versus time plot), t1/ 2 (apparent terminal disposition half-life), AUC last and AUC inf (areas under the concentration versus time curve from time 0 to the last sampling time point and from time 0 to infinity calculated using the linear/log trapezoidal rule), CL/F (apparent clearance calculated by oral dose divided by AUC inf ), and C min (the trough concentrations following z8-day period of treatment). For AUC inf , CL/F, and t1/ 2 calculations, patients with extrapolated AUC (AUC last À AUC inf ) >40% were excluded for summary statistics. Because the number of patients per dose group was small in this dose-finding study, the AUC, C max , and C min were dose normalized for statistical analysis (mean, SD, and geometric mean). A Student's unpaired t test with equal variance was used to evaluate the treatment effect on the dose-normalized AUC, C max , CL/F, t1/ 2 , metabolite/parent AUC ratio, and C min . P < 0.05 (one-tailed) was considered to be statistically significant.
Genotyping analysis
Paraffin-embedded tumor tissue was obtained from phase II patients when available. Laser-capture microdissection was done in areas containing normal tissue to ensure that >85% tumor cells were used for the genotyping analysis. In cases where the slides contained only tumor cells, dissection was carried out manually. DNA was obtained from tumors using standard methods. The following analyses were done: (a) epidermal growth factor receptor (EGFR) copy number measurement by real-time PCR in relation to a pool of four control genes using standard procedures (23), (b) EGFRvIII variant copy number on samples with EGFR amplification detected in (a), PCR and direct sequencing of (c) PTEN exons 2 to 9 and (d) p53 exons 2 to 11, and (e) kinase domain of PDGFRA and PDGFRB genes. All sequence reactions were done with standard dye terminator technology. Results were analyzed using the Mutation Surveyor software (Millenium Science, Surrey Hills, Victoria, Australia) followed by manual verification of traces. Sequence variants were repeated to confirm results.
Statistical considerations
The primary end points for the phase I component were to determine the MTD for group A (non-EIAED) and group B (EIAED) patients and characterize the toxicities and pharmacokinetics of imatinib. The primary end point in the phase II component was 6-month progression-free survival (6M-PFS) from the time of registration. In a retrospective review of eight consecutive negative phase II trials in recurrent malignant gliomas from the M.D. Anderson Cancer Center, the 6M-PFS was 15% for glioblastoma multiforme and 31% for anaplastic glioma (2) . The phase II study included both glioblastoma multiforme and anaplastic glioma patients who were entered at an f2:1 ratio. The study was sized to be able to discriminate between 20% and 40% rates of 6M-PFS for the entire cohort and 15% and 35% rates for the glioblastoma multiforme group alone. The glioblastoma multiforme comparison was the one of primary concern. With accrual of 32 glioblastoma multiforme patients, the trial would be considered a success if at least 8 glioblastoma multiforme patients showed 6M-PFS. This would give a 0.92 probability of detecting a 35% rate of 6M-PFS, with 0.9 probability of rejecting the agent if the 6M-PFS was only 15%. Assuming an accrual of f16 anaplastic glioma patients, there would be a reasonable power to discriminate between 20% and 40% rates of 6M-PFS for the entire group. For the group as a whole, imatinib would be considered effective if at least 30% 6M-PFS was observed. This rule gave at least a 0.9 probability of detecting a 40% rate of 6M-PFS, with at least a 0.9 probability of rejecting the drug if the 6M-PFS was only 20%.
Results
Phase I component
Patient characteristics. Fifty eligible patients were enrolled into the phase I component. Patient characteristics are summarized in Table 1 . Twenty-three patients were in group A (non-EIAED) and 27 were in group B (EIAED). There were 30 men and 20 women. Median age was 47 years (range, 18-73 years) and median Karnofsky performance score was 90 (range, 60-100). There were 35 glioblastoma multiformes and 15 anaplastic gliomas. Patients had a median of one prior chemotherapy regimen (range, 0-3).
MTDs and toxicities. The MTD for group A (non-EIAED) patients was 800 mg/d imatinib. DLTs included neutropenia, rash, and elevated alanine aminotransferase (Table 2) (Table 2) .
Response data. One glioblastoma multiforme patient who received 1,000 mg/d imatinib in the non-EIAED group had a partial response. There were 19 patients with stable disease at the first magnetic resonance imaging at 8 weeks [10 non-EIAED patients (9 glioblastoma multiforme and 1 anaplastic oligodendroglioma) and 9 EIAED patients (3 glioblastoma multiforme, 5 anaplastic oligodendroglioma, and 1 anaplastic astrocytoma)].
Pharmacokinetic results. Of the 50 patients enrolled into the phase I component, pharmacokinetic data were available from 25 patients [14 group A (non-EIAED) and 11 group B (EIAED)] following dosing on day 1 and steady-state trough pharmacokinetic samples from 15 patients (6 group A and 9 group B). Pharmacokinetic variables for imatinib and its metabolite CGP74588 are summarized in Tables 3 and 4. Comparison of AUCs for imatinib and CGP74588 between EIAED and non-EIAED patients is shown in Fig. 1A and B. Because of limited and unbalanced subject numbers at different dose levels, definitive conclusions about doseexposure relationship could not be drawn. Nonetheless, it seemed that in group A (without EIAED), the plasma exposure of both imatinib and CGP74588 increased with dose. In group B (with EIAED), the AUC of imatinib showed a smaller increase at the same dose level, whereas CGP74588 showed a dose-exposure relationship comparable with group A up to 800 mg/d; the relationship at higher doses was unclear given the limited data.
Compared with group A, patients taking EIAEDs (group B) showed a 61% lower dose-normalized imatinib C max and 72.5% lower dose-normalized AUC inf (68.5% based on AUC last ). These results are consistent with those observed in the study of imatinib combined with rifampicin, a potent CYP3A inducer (24) . The effect of EIAED on the dosenormalized CGP74588 exposure seemed to be minimal following the first dose. There was no difference in dosenormalized C max and only f10% decrease in dose-normalized AUC. The metabolite to parent drug AUC ratio showed f3-fold increase in the presence of EIAEDs. At steady state, the dosenormalized C min decreased by 79% for imatinib and by 40% for CGP74588 in the presence of EIAEDs. Unfortunately, no AUC and C max exposure data were available at steady state. The metabolite to parent drug C min ratio increased by 2.8-fold when compared with imatinib taken alone.
Phase II component
Patient characteristics. Fifty-five eligible group A (non-EIAED) patients were enrolled into the phase II component. Six group A patients in the phase I component who received the MTD used in the phase II component and fulfilled all other phase II eligibility criteria were included in the phase II analysis. The study closed before the MTD was determined for group B (EIAED) patients. As a consequence, no group B patients were enrolled into the phase II component of the study. There were 30 men and 25 women with a median age of 51 years (range, 27-73 years). There were 34 glioblastoma multiforme and 21 anaplastic glioma patients (14 anaplastic astrocytoma, 5 anaplastic oligodendroglioma, and 2 anaplastic oligoastrocytoma). Median Karnofsky performance score was 80 (range, 60-100). The patients had a median of 1 prior chemotherapy regimen (range, 0-4; Table 5 ). All glioblastoma multiforme patients and 6 anaplastic glioma patients received 800 mg/d imatinib; 15 anaplastic glioma patients received 600 mg/d imatinib.
Toxicity data. Five patients (4 glioblastoma multiforme and 1 anaplastic glioma) treated with 800 mg/d imatinib developed intratumoral hemorrhages all in the setting of progressive disease. One patient had a prior history of hemorrhage and one had grade 3 thrombocytopenia at the time of the hemorrhage. The other patients had normal platelet counts and no evidence of a coagulopathy at the time of the hemorrhages. No hemorrhages were observed in the 15 anaplastic glioma patients treated with 600 mg/d imatinib. Imatinib was otherwise generally well tolerated (Table 6 ). Four patients required dose reduction (one each for thrombocytopenia, fatigue, granulocytopenia, and hypophosphatemia). Efficacy data. Of the 34 glioblastoma multiforme patients, there were 0 complete response, 2 partial response, and 6 stable disease. One patient was removed from the study for toxicity and was not evaluable for efficacy. The 6M-PFS was 3% (1 of 33). Among the 21 anaplastic glioma patients, there were 0 complete response, 0 partial response, and 5 stable disease. One patient was not evaluable for efficacy because of early withdrawal for toxicity. The 6M-PFS was 10%.
Results of genotyping studies. Tumor specimens were available from 27 phase II patients, but reliable results were obtained from only 20 tumor samples. The frequency of PTEN mutations was lower than that reported (15% versus 30-40%; ref. 25 ). We identified 6 PTEN sequence variants, of which only 3 are likely to be of pathogenic significance. The average number of EGFR copies in cases with amplification was 62.5 (range, 4-477) copies per cell. The EGFRvIII variant was detected only in tumors with amplified EGFR gene, with a single exception. No tumors with EGFR amplification had p53 mutations (26, 27) . PTEN mutations were detected in both tumors without other detectable lesions (n = 2) and those with concurrent p53 mutations (n = 3) or EGFR amplification (n = 1). No pathogenic mutations were detected in the kinase domain of PDGFRA and PDGFRB genes. Two synonymous single nucleotide polymorphisms, P567P in PDGFRA and L867L in PDGFRB, were found to have a high prevalence of the reported minor allele (93% and 47%, respectively). There are no reports on the frequency of the PDGFRA single nucleotide polymorphism, and the PDGFRB single nucleotide polymorphism has a frequency similar to that of other cancers. 13 The tumor from one of the responders had mutations in both p53 and PTEN genes. Amplification of EGFR without accompanying EGFRvIII variant was detected in the tumor of a second responder. The small number of samples and responders did not allow for correlation of genotype with response.
Discussion
In this study, the MTD of imatinib in malignant glioma patients not receiving EIAED was 800 mg/d. EIAED patients were able to receive up to 1,200 mg/d imatinib without developing DLTs. Pharmacokinetic studies show that the mean plasma exposure of imatinib was significantly reduced in EIAED patients compared with patients not on EIAED. In EIAED patients, the imatinib plasma exposure decreased by f70% following the first dose and 79% based on trough level at steady state. The metabolite CGP74588, which has similar activity in inhibiting PDGFR as the parent drug, showed little change (only f10%) in AUC following the first dose but 40% decrease based on the trough level at steady state. The difference in the decrease in levels between imatinib and CGP74588 and between single dose and steady-state C min may be due to differences in elimination pathways between imatinib and CGP74588. In addition, the decrease in exposure may be overestimated by C min compared with AUC and C max . Nonetheless, the overall AUC exposure of imatinib and CGP74588 was decreased in the presence of EIAED (by 63% or 2.7-fold) from a total 91.6 ng h/mL/mg dose of imatinib in group A (non-EIAED; 78.3 F 13.3 ng h/mL/mg) to 33.5 ng h/mL/mg dose of imatinib in group B (EIAED; 21.5 F 12.0 ng h/mL/mg). Thus, to achieve comparable total plasma exposure for both imatinib and CGP74588 between the two groups, the imatinib dose for patients on EIAEDs would have to be f2.7-fold higher than the imatinib dose for non-EIAED patients. These results underscore the significance of avoiding medications that induce CYP3A4 metabolism in patients receiving imatinib for other malignancies. Given the limited efficacy of imatinib in the phase II component in non-EIAED patients and possible toxicity from intratumoral hemorrhage, the study was closed before the MTD in EIAED patients could be determined. In the phase II component, the 6M-PFS for glioblastoma multiforme patients was 3%, whereas that for anaplastic glioma was 10%. In comparison, a retrospective review of negative phase II trials in recurrent malignant gliomas from the M.D. Anderson Cancer Center found a 6M-PFS of 15% for glioblastoma multiforme and 31% for anaplastic glioma (2). The results are especially disappointing for anaplastic gliomas where the relative importance of PDGF raised the possibility of potential benefit from imatinib.
The European Organization for Research and Treatment of Cancer and the North Central Cancer Treatment Group are also conducting phase II studies of imatinib in recurrent gliomas. In the European Organization for Research and Treatment of Cancer study, glioblastoma multiforme and anaplastic glioma patients were initially treated with imatinib at a dose of 300 mg twice daily, increasing after 8 weeks to 400 mg twice daily if no grade II toxicity was observed. Subsequently, the protocol was amended to treat patients initially with 400 mg imatinib twice daily, increasing to 500 mg twice daily if no toxicity was observed after 8 weeks. The majority of these patients were on EIAED, and there was no attempt to adjust the dose according to the type of AED. Preliminary results of the European Organization for Research and Treatment of Cancer phase II study in glioblastoma multiforme patients showed 3 partial response and 5 stable disease over 6 months in 51 patients, with a 6M-PFS of 15.7% (28, 29). In anaplastic glioma patients, there was only 1 partial response in 36 anaplastic oligodendroglioma/anaplastic oligoastrocytoma patients and 1 partial response in 25 anaplastic astrocytoma patients (30) . These results are consistent with our findings and suggest that There are several potential reasons for the disappointing results with single-agent imatinib in malignant gliomas. The penetration of the drug across the blood-brain barrier is likely to be limited by P-glycoprotein and other efflux pumps, reducing tumor concentrations of the drug (31 -34) . In chronic myelogenous leukemia patients with an intact bloodbrain barrier, the total imatinib concentrations in the cerebrospinal fluid are f1.3% of that in plasma (0.044 Ag/mL; 0.088 F 0.029 Amol/L) compared with 3.27 Ag/mL (6.54 F 0.93 Amol/L; refs. 32, 33), which is 3.8-fold below the free concentration in plasma (f5%; ref. 35) , suggesting involvement of an active transporter for the efflux of imatinib from cerebrospinal fluid to the systemic circulation. Although the imatinib concentrations in malignant gliomas may be increased as a result of a partially disrupted blood-brain barrier, the generally lower concentrations of imatinib in the central nervous system probably contribute to its limited efficacy. Of note, the one phase I patient who had a partial response in group A (non-EIAED) received 1,000 mg imatinib, a dose that ultimately turned out to be above the MTD. Unfortunately, a full pharmacokinetic profile was not available for this patient. The trough plasma concentration on day 8 following the first 1,000 mg dose reached 1,900 ng/mL (f3.8 Amol/L, imatinib molecular weight, 494 Da; i.e., 0.2 Amol/L free plasma concentration assuming a 5% free fraction in plasma). This free plasma level is f2 times the IC 50 (0.1 Amol/L) of imatinib for inhibition of PDGFR. However, if the presence of P-glycoprotein transporter at the blood-brain barrier is taken into consideration, the concentration of imatinib, even when combined with CGP74588, may be slightly below the IC 50 . The use of PDGFR inhibitors with improved central nervous system penetration or the combination of imatinib with drugs that inhibit P-glycoprotein may potentially result in higher central nervous system concentrations and greater efficacy.
A second reason for the limited activity of imatinib may be that inhibition of PDGFR alone is insufficient to prevent growth of malignant gliomas. Signaling through the Ras/mitogenactivated protein kinase and Akt pathways as a result of EGFR amplification and mutations and deletion of PTEN, respectively, may result in tumor growth even in the presence of PDGFR inhibition. In addition, the importance of PDGF signaling in tumor maintenance in malignant gliomas is unclear. Although there is evidence that PDGFR autocrine loops contributes to both initiation of the transformation process and tumor maintenance (4, 10, 36 -38) , it is possible that other growth factors and signaling pathways play a greater role in maintaining the transformed phenotype. An attempt was made to correlate Fig. 1 . A, dose-exposure relationship for imatinib and CGP74588 in patients with and without EIAED. B, dose-normalized AUCs (ng h/mL/mg dose, mean F SD) for imatinib and CGP74588 with (n = 11) and without (n = 14) EIAED.
tumor genotype with response. However, no conclusions could be reached as a result of the limited number of tumor specimens available and the very small number of responders. No activating mutations were detected in the kinase domain of PDGFRA and PDGFRB genes in the tumor specimens analyzed.
In the phase II study, imatinib was generally well tolerated. However, 5 of the 55 patients developed intratumoral hemorrhage in the setting of progressive disease. Although spontaneous hemorrhages can occur in malignant gliomas with a prevalence of up to 3.5% (39, 40) , the rate observed in this study is higher than expected. A review of three NABTC recurrent malignant glioma trials conducted at the same time as this study (NABTC 99-01: phase I/II study of R115777, NABTC 99-05: phase II study of fenretinide, and NABTC 99-07: phase I/ II study of temozolomide and CPT-11) showed 4 hemorrhages in 184 patients (2.2%). The precise mechanism for the increased rate of hemorrhage is unclear but may be partly related to the inhibition of PDGFRh on pericytes. Hemorrhages have also been observed in the Pediatric Brain Tumor Consortium study of imatinib with radiotherapy in brainstem gliomas but only in small numbers in other studies of imatinib in malignant gliomas in adults (28 -30, 41, 42) .
There are several studies evaluating the therapeutic efficacy of imatinib in combination with other agents in malignant gliomas. Dresemann combined imatinib (400 mg/d) with hydroxyurea (1,000 mg/d) in an attempt to improve central nervous system penetration of imatinib in patients with malignant gliomas (41) . In a preliminary study of 30 patients with recurrent glioblastoma multiforme treated with this regimen, there was encouraging activity with 20% partial response and a 6M-PFS of 32%. Reardon et al. treated 33 recurrent glioblastoma multiforme patients with the same regimen for non-EIAED patients and imatinib (1,000 mg/d) and hydroxyurea (1,000 mg/d) for EIAED patients (42) . Three (9%) patients achieved a partial response and 14 (42%) had stable disease; 6M-PFS was 27%. The reason for the increased activity of the combination of imatinib with hydroxyurea is unclear but may include complementary antiangiogenic activity, reduction of tumor interstitial pressure by imatinib resulting in enhanced chemotherapy delivery, or enhanced drug delivery as a result of modulation of ATP-dependent transporter proteins (42) . The ultimate value of these and other combinations and the precise mechanisms await further studies.
Conclusions
The MTD of imatinib in malignant glioma patients not receiving EIAED was 800 mg/d. DLTs were neutropenia, rash, and elevated alanine aminotransferase. Patients on EIAED were able to receive up to 1,200 mg/d imatinib without developing DLT. The mean plasma exposures of imatinib in EIAED patients were reduced by as much as 70% compared with patients not on EIAED. CYP3A4 inducers, such as EIAEDs, should be avoided in patients receiving imatinib for other indications, such as chronic myelogenous leukemia and gastrointestinal stromal tumor. Single-agent imatinib seems to have only minimal activity in malignant gliomas and may be associated with a slightly increased risk of intratumoral hemorrhage. The evaluation of the activity of combination regimens incorporating imatinib is under way in several trials. 
